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Considering the similarities between the transcriptional pro-
gramming involved in cancer progression and somatic cell
reprogramming, we tried to identify drugs that would be effec-
tive against malignant cancers. We used the early transposon
Oct4 and Sox2 enhancer (EOS) system to select human prostate
cancer (PCA) cells expressing high levels of OCT4. Patients with
metastatic castration-resistant PCA that does not respond to
treatment with docetaxel have few therapeutic options. The
OCT4-expressing PCA cells selected using the EOS system
showed increased tumorigenicity and high resistance to docet-
axel, both in vitro and in vivo. By using their gene expression
data, expression signature-based prediction for compound
candidates identified an antiviral drug, ribavirin, as a conver-
sion modulator from drug resistance to sensitivity. Treatment
of PCA cells with ribavirin decreased their resistance against
treatment with docetaxel. This indicated that ribavirin reversed
the gene expression, including that of humoral factors, in the
OCT4-expressing PCA cells selected using the EOS system.
Thereby, ribavirin increased the efficacy of docetaxel for cancer
cells. We propose a novel cell reprogramming approach, named
drug efficacy reprogramming, as a new model for identifying
candidate antitumor drugs. (Cancer Sci 2013; 104: 1017-1026)

The cells within a tumor are often heterogeneous with
respect to proliferation kinetics, surface antigen expres-
sion, tumorigenicity and metastatic potential. Studies per-
formed over the past few decades suggest that tumors are
maintained bPI their own stem cells, the so-called cancer stem
cells (CSC)."™™ This ‘CSC hypothesis’ postulates that cancers
are hierarchically organized and that only a single subset of
cells, the CSC, drives cancer development and progression.
However, the phenotypic plasticity of the cells within a tumor
is likely to result in interconversion between a stem cell like
phenotype and a more differentiated phenotype.*> This
phenomenon is reminiscent of the dedifferentiation of somatic
cells into induced pluripotent stem (iPS) cells. Takahashi and
colleagues showed that overexpression of four transcription
factors (4TF) OCT4, SOX2 KLF4 and c-MYC, induces pluri-
potency in somatic cells.®” The iPS cells can differentiate
into all three germ layers following appropriate induction.
However, if these cells are introduced into ammals they can
generate tumors in an undifferentiated state.® This suggests
that some (or all) of the 4TF might enhance tumorigenicity in
somatic cells.

The early transposon Oct4 and Sox2 enhancer (EOS) system
is based on the transfection of a lentiviral-based promoter
reporter (harboring GFP and a puromycin resistance gene),
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which is exgressed under the control of the OCT4 and SOX2

enhancers,‘ into the cells of interest. OCT4, a POU
tran%crlgtlon factor, is critical for somatic cell reprogram-
ming. Accumulating evidence suggests that OCT4 is

involved in promoting tumorigenicity and malignancy in
human cancers.'*'® " OCT4 transcrlpts are con51stent1y
detected in human tumors and OCT4 is al%o expressed in
CSC, including those of prostate cancer,"”'® further implicat-
ing its participation in tumorlgene%ls and the development of
an aggressive phenotype.‘"

Prostate cancer (PCA) is one of the most commonly diag-
nosed malignant tumors in men and is the second leading
cause of cancer-related deaths in the United States.*>** One
of the most difficult aspects of androgen-dependent PCA is
that it almost inevitably progresses to a highly aggressive and
life-threatening form, known as castration-resistant PCA
(CRPC), after androgen ablation therapy. Although PCA treat-
ments have improved over the years, taxanes remain the only
effective form of chemotherapy.®*- 2) However, taxane-based
chemotherapy has limited beneficial effects in CRPC patients,
extending life by several months at best. Therefore, it is
important to develop more effective therapies that yield long-
term improvements for CRPC patients.

The present study revealed that a human PCA cell line,
which was enriched for cancer cells expressing high levels of
OCT4 using the EOS system, showed strong resistance to
chemotherapy and increased tumorigenicity when transplanted
into nude mice. The gene expression patterns of these EOS-
selected cancer cells were then analyzed and compared using
the Broad Institute’s Connectivity Map (http://www.broadinsti
tute.org/cmap) to identify candidate drugs with the potential to
revert an inverse gene signature pattern. The Connectivity Map
identified a candidate drug, ribavirin, as capable of reverting
docetaxel-resistant PCA cells selected using the EOS system.
Ribavirin treatment reverted the gene expression profiles from
EOS to PGK selected, especially cell cycle regulators and
humoral factors. Furthermore, ribavirin treatment increased
drug sensitivity to docetaxel. The reprogramming phenomenon
achieved the characteristic gene expression profiles and func-
tional phenotypes. In the present study, ribavirin treatment of
EOS cells converted the gene expression profiles and the
tumor malignant phenotypes to the non-selected state.*”*®
The concept underlying this strategy is similar to that involved
in other reprogramming technologies. We call this new method
drug efficacy reprogramming (DER).
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Materials and Methods

Cell lines and culture. DU145 and LNCaP PCA cells were
routinely maintained in RPMI-1640 (Invitrogen, Carlsbad, CA,
USA), supplemented with 10% FBS, at 37°C in a humidified
atmosphere containing 5% CO,. The DU145 and LNCaP cell
lines were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA) (HTB-81 and CRL-1740, respec-
tively). The PGK and EOS lentiviruses were generated using
HEK293T cells, as described previously.?”

Immunocytochemistry. The tissue sections were incubated
with an anti-OCT4 rabbit polyclonal antibody (1:500 dilution;
Abcam, Cambridge, UK) at room temperature for 1 h. Avidin—
biotin complex peroxidase methods were used. To evaluate
OCT4 staining, cancer cells with positive nuclear staining were
counted in at least 10 representative fields and the mean
percentage of OCT4-positive cancer cells and the staining
intensity, which ranged from 0 to 3 (0, none; 1, minimal; 2,
medium; 3, strong) were estimated using a semi-quantitative
scoring system.

Xenograft tumorigenicity assay. DU145-PGK, DU145-GFP,
sh-OCT4 DU145-EOS and sh-luci DUI45-EOS cells were
harvested, washed in PBS and resuspended in Matrigel (BD
Biosciences, San Jose, CA, USA). The cells (103 or 104)
were then injected subcutaneously into 6-week-old BAL
B/C nude mice. Tumors were measured every 5 days after
injection.

Cell viability assay. DU145 and LNCaP cells were plated in
96-well plates, allowed to attach for 24 h and then treated with
different concentrations of docetaxel. A water-soluble tetrazo-
lium (WST) reagent (Takara Bio Inc., Shiga, Japan) was added
to each well for 1 h. Cell viability was estimated using color-
imetry at 570 nm.

Mouse xenograft model for drug testing. DU145-PGK and
DU145-EQOS cells were injected into nude mice for docetaxel
testing. One million DUI45-PGK- or EOS-selected cells
formed detectable tumors within 1-2 weeks of injection. The
tumors were measured every 5 days. When the tumor volume
reached approximately 200 mm®, the mice were assigned into
one of two groups: a control group or a docetaxel-treated
group. Docetaxel (10 mg/kg) was injected i.p. on day 1. For
the ribavirin tests, ribavirin (40 pg/kg per day) in 0.5% carb-
oxymethyl cellulose was administered p.o. every day from day
1. A carboxymethyl cellulose solution was administered as a
control. The mice were assigned to one of six groups (n = 6-8
mice) when the mean tumor volume reached approximately
200 mm?’: a non-treated control group; docetaxel only (10 mg
/kg); docetaxel only (5 mg/kg); docetaxel (10 mg/kg) plus
ribavirin (40 ng/kg per day), per os (p.o.); docetaxel (5 mg
/kg) plus ribavirin (40 pg/kg per day, p.o.); or ribavirin only
(40 pg/kg per day, p.o.). The ribavirin treatments were done
from day 1 to 15. Daily oral administration of ribavirin yields
a mean body concentration of aggroximately 1 uM and is well
tolerated and non-toxic to mice.*"

Real-time quantitative PCR. Total RNA was isolated using an
RNeasy Mini kit (Qiagen, Hilden, Germany). RNA was
reverse transcribed into cDNA using a High Capacity cDNA
Archive kit (Applied Biosystems, Carlsbad, CA, USA). The
reaction mixture (1 pL) was then used as a template in a
TagMan Fast real-time quantitative PCR assay, performed
using the 7500 Fast Real-time PCR system (Applied Biosys-
tems). Primers and TagMan probe sets (TagMan Gene Expres-
sion Assays) for human OCT-4, c-MYC and GAPDH were
purchased (Applied Biosystems, Carlsbad, CA, USA).

Knockdown and overexpression of OCT4. The following
shRNA sequence was used for the OCT4 knockdown: 5'-
GGATGTGGTCCGAGTGTGGTTCAAGAGACCACACTCGG
ACCACATCCTTTTTT-3".%" The following shRNA sequence
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targeted to luciferase was used as a control:5-GTGCGTTG
CTAGTACCAACTTCAAGAGAGTTGGTACTAGC AACGCAC
TTTTTTACGCGT-3". The sequences were introduced into the
pSIREN-RetroQ-DsRed-Express lentiviral vector (Clontech, Palo
Alto, CA, USA). Virus production and infection were per-
formed as previously described.*” Infected cells were sorted
based on DsRed-Express fluorescence using a FACSAria II
cell sorter (BD Biosciences, San Jose, CA, USA).

To overexpress OCT4, the gene encoding human OCT4 was
PCR cloned, inserted into the pGEM-T-easy plasmid (Promega,
Madison, WI, USA) and then inserted into the pMXs-IRES-GFP
retroviral vector via the BamHI and Xhol sites. The PCR primers
used were: OCT4, forward 5-GGATCCGC CACCATGG
CGGGACACCTGGCTTCGGAT-3'; and OCT4, reverse 5-GTC
GACTCAGTTTGAATGCATGGGAGAGCC-3'. Virus produc-
tion and infection were performed as previously described.®”
Infected cells were sorted by GFP fluorescence using a FACSAria
II cell sorter (BD Biosciences, San Jose, CA, USA).

Microarray analyses. Gene expression profiles of PGK, EOS-
selected cells and ribavirin-treated cells were analyzed using
the whole human genome Affymetrix HG-U133 Plus 2 micro-
array (Affymetrix, Santa Clara, CA, USA). RNA target prepa-
ration for microarray expression analysis was performed
according to the manufacturer’s protocol using a GeneChip(R)
3" IVT Express kit (Affymetrix). The entire process is briefly
described as follows. One hundred nanograms of total RNA
were converted into a double-stranded cDNA template for
transcription. Transcription was performed in vitro to synthe-
size the amplified RNA (aRNA) and to incorporate a biotin-
conjugated nucleotide. After purification and fragmentation of
the aRNA, a 12.5 pg portion was hybridized to the GeneChip
(R) Human Genome U133 Plus 2.0 Array (Affymetrix). The
array was incubated for 16 h at 45°C and then automatically
washed and stained with the GeneChip(R) Hybridization, Wash
and Stain kit (Affymetrix). The Probe Array was scanned
using a GeneChip(R) Scanner, model 3000 7G.

The measured data were normalized using the MASS5.0
method and the R Bioconductor ‘affy’ package. Hierarchical
clustering was performed with the Euclidean distance coeffi-
cient and the UPGMA method (using the R ‘hclust’ package
and Java TreeView 1.1.0) to illustrate the differences in the
global gene expression patterns between PGK and EOS cells.

To obtain potential compounds that could reprogram the
gene expression of the PGK and EOS cells, first the PGK-EOS
gene signature was estimated by calculating the twofold
change in the mean expression and then the probe list in the
PGK-EOS signature was entered into the Connectivity Map
(http://www .broadinstitute.org/cmap/). Note that the top 500
upregulated and downregulated probes, which are compatible
with the HG-U133A platform, were used according to the
Connectivity Map system. The threshold of significance for the
candidate compounds was set at P < 0.05.

After identifying the most plausible candidate, to demon-
strate the reprogramming effect by the candidate, a principal
component analysis for the PGK-EOS signature was further
performed using the PCA node in the KNIME 2.5.2 workflow
platform.

The pathway analysis was performed as follows. First, the
genes with average expression differences of at least twofold
between PGK and EOS in DUI145 and LNCaP cells were
selected as the significantly expressed gene signature. The
signature for ribavirin treatment was then calculated using the
same procedure. Second, an enrichment analysis was applied
for the gene signatures to the canonical pathway gene stets
(c2.cp.v3.0.entrez) in the molecular signature database (http://
www.broadinstitute.org/gsea/msigdb). The enrichment proba-
bility of the gene list was then estimated based on the
hypergeometric probability as follows. When a target gene set
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is composed of k genes and [ genes are included in the target
set, the probability is obtained by:

()=
i k — i
PX<Il) =1- -t
wen = 1-3
k
where M is the number of genes in the target set and N is the
total number of genes in all gene sets. Thereafter, the false
discovery rate is estimated using the Benjamini—-Hochberg pro-

cedure. In the present study, we selected enriched gene sets
with a false discovery rate <5%.

/
i=0

Results

Application of the EOS enhancer selection system for the
enrichment of PCA cells. The current methods of stratifying
PCA to predict outcomes are based on clinicopathological
factors, includin% the Gleason score and prostate-specific
antigen levels.?** Although they are helpful, these parame-
ters are not sufficient. This has prompted the development
of genetic and biological approaches to analyze PCA pro-
gression, with the goal of identifying biomarkers that might

lead to improved patient management and the identification
of new therapeutic targets. We used the EOS selection sys-
tem, which was designed to purify human iPS cells,"%'" to
enrich tumor cells showing high OCT4 expression. The EOS
vector contains GFP and puromycin resistance genes, with
expression driven by the Oct4 and Sox2 enhancers. The
EOS vector is transduced into DU145 cells, which are then
selected with puromycin. A vector containing a ubiquitous
PGK promoter, which drives the expression of GFP and the
puromycin resistance gene, is used as a control. A quantita-
tive PCR (qPCR) analysis of RNA extracted from the trans-
formed cells confirmed that DUI145-EOS cells showed
significantly higher (P <0.01) levels of OCT4 mRNA
expression than DU145-PGK cells (Fig. 1a). Furthermore, an
immunocytochemistry analysis indicated the enrichment of
OCT4-expressing cells using EOS selection (Fig. S1).

Next we analyzed the tumorigenicity of DUI145-EOS and
DU145-PGK cells (Fig. 1b). Four nude mice were injected
with either DU145-EOS or DU145-PGK cells (10* cells per
mouse). Three out of the four mice developed detectable
tumors within 8 weeks of the primary injection, while no
tumors were detected in the mice injected with DU145-PGK
cells during the 12-week observation period. The same results
were observed when mice were injected with 107 cells
(Fig. 1b). H&E staining of the tumors was also performed
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Fig. 1.

Days after treatment

Increased expression of OCT4 and enhanced tumorigenicity of early transposon Oct4 and Sox2 enhancer (EOS)-selected DU145 cells.

(a) Quantitative PCR analysis of OCT4 mRNA expression in DU145-PGK and DU145-EOS cells. Relative expression is shown (mean =+ SD;
##p < 0.01). (b) In vivo tumor formation in mice injected with DU145-PGK or DU145-EQS cells. Tumor volumes were calculated at the indicated
time points (upper panel) and the number of tumors is shown in the lower panel (Mann-Whitney U-test; *P < 0.05). (c) DU145-PGK and DU145-
EOS cells were treated with increasing concentrations of docetaxel in vitro and cytotoxicity was measured using a water-soluble tetrazolium
assay. The viability of treated cells was calculated relative to that of untreated controls (mean + SD; **P < 0.01). (d) /n vivo sensitivity to docet-
axel. DU145-PGK- and DU145-EOS cells (1 x 10°) were injected into nude mice. Mice (n = 6) were treated with or without docetaxel (10 mg/kg).
Mean tumor volumes are shown at the indicated time points (mean + SD; **P < 0.01).
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(F%g. S2). It is noteworthy that an injection containing only
10° DUI145-EOS cells promoted tumor formation. These
results confirmed that DU145-EOS cells were more tumori-
genic than DU145-PGK cells.

The high OCT4 expression by human PCA cells suggests
that they might have strong resistance to anticancer agents.
To examine this possibility, we used the cytotoxic drug do-
cetaxel, which is currently approved for the treatment of
CRPC. The results of an in vitro WST cell viability assay
revealed that DU145-EOS cells were more resistant to do-
cetaxel than DU145-PGK cells (Fig. 1c). Next we examined
whether this was also the case in vivo. One million DU145-
PGK or DUI145-EOS cells were injected into castrated nude
mice to initiate tumor formation. The mice were then treated
with docetaxel or vehicle and tumor growth was examined.
The DUI145-PGK tumors that developed in the docetaxel-
treated group were much smaller than those that developed
in the non-treated group (Fig. 1d). However, the DU145-
EOS tumors that developed in the docetaxel-treated mice
were only slightly smaller than those that developed in the

non-treated mice. These results indicate that DU145-EOS
cells are more resistant to treatment with docetaxel.
Docetaxel resistance is mediated by high OCT4 expression. We
then analyzed the effects of high OCT4 expression on chemore-
sistance by knocking down OCT4 expression in DU145-EOS
cells (Fig. 2a—c) and by overexpressing OCT4 in non-EOS-
selected cells (Fig. 2d—f). An OCT4-specific sh-RNA sequence
was introduced into EOS-selected cells to knockdown OCT4
expression.®" The same procedure was performed using a lucif-
erase-specific sh-RNA sequence as a control. A qPCR analysis
revealed that OCT4 sh-RNA-treated cells (DU145—EOSSh’O T4)
showed a significant reduction in OCT4 expression (Fig 2a).
Although mice injected with DU145-EOSsh-OCT4 cells did not
exhibit tumors, the Luciferase knockdown DUI145-EOS
(DU145-EOSsh-Luci) control cells formed detectable tumors
during the 12 weeks of observation (Fig. 2b). H&E staining of
the tumors was also performed (Fig. S2). We then compared the
in vitro docetaxel sensitivities of DUI145-EO0S*™™ 9™ and
DU145-E0S™"*! with that of DU145-EOS using a WST cell
viability assay. DU145-EOS™™ O™ cells were significantly more
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Fig. 2.

High OCT4 expression increases the malignancy of DU145 cells. (a) Quantitative PCR analysis of OCT4 mRNA expression after transduc-

tion of sh-RNA targeting luciferase (DU145-EOS sh-Luci) or OCT4 (DU145-EQS sh-OCT4). Relative expression levels are shown (mean + SD;
*P < 0.05, **P < 0.01). (b) /n vivo tumor formation following OCT4 knockdown. DU145-EQS sh-Luci or DU145-EQS sh-OCT4 (1000 or 10 000 cells)
were inoculated into nude mice. Tumor volumes were calculated at the indicated time points (upper panel) and the number of tumors is shown
in the lower panel. (c) In vitro sensitivity of DU145-EOS sh-Luci or DU145-EOS sh-OCT4 to docetaxel. The viability of DU145-EOS, DU145-EOS sh-
Luci and DU145-EOS sh-OCT4 was determined in a water-soluble tetrazolium (WST) assay. The viability of the treated cells was calculated relative
to that of untreated controls (mean + SD; *P < 0.05, **P < 0.01). Forced expression of OCT4 in DU145 (DU145-0CT4) cells (d-f). (d) Quantitative
OCT4 mRNA analysis after the introduction of a vector containing GFP alone or a vector containing OCT4-GFP. Relative expression levels are
shown (mean + SD; **P < 0.01). (e) /n vivo tumor formation following the injection of nude mice with 1000 or 10 000 DU145-GFP or DU145-
OCT4 cells. Tumor volumes were calculated every 5 days and the number of tumors was determined (lower panel) (Mann-Whitney U-test;
*P < 0.05). (f) DU145-GFP and DU145-OCT4 cells were treated with the indicated concentrations of docetaxel. Cytotoxicity was measured using a
WST assay and the viability of treated cells was calculated relative to that of the untreated controls (mean + SD; **P < 0.01). EOS, early transpo-

son Oct4 and Sox2 enhancer.
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sensitive to docetaxel than DU145-EOS*™™ or DU145-EOS
cells (Fig. 2c¢).

For the OCT4 gain-of-function analysis, a GFP vector
(DU145-GFP) or an OCT4-GFP vector (DU145-OCT4) was
introduced into non-EOS-selected DU145 cells (Fig. 2d—f).
The forced expression of OCT4 in non-selected cells led to
increased tumorigenicity (Fig. 2e). H&E staining of the tumors
was also performed (Fig. S2). In addition, DU145-OCT4 cells
were significantly more resistant to docetaxel (Fig. 2f). Taken
together, these results suggest that the malignant phenotype
observed in EOS-selected cells is due to high levels of OCT4
expression.

Identification of ribavirin as a novel drug for treating malig-
nant PCA. The above-mentioned results indicate that the EOS
selection system could be used for novel medical screening.
Therefore, we tried to identify the candidate compounds that
could be used to treat CRPC. We compared the gene expres-
sion arrays for PGK- and EOS-selected cells to characterize
their molecular signatures and then used in silico screening to
identify a chemical agent that could reprogram the gene
expression signatures of these cells (Fig. 3a). To detect
changes in gene expression and to identify EOS signatures, the
genes that showed at least a twofold difference in expression
levels between the PGK and EOS arrays were used to generate
a list of genes with significantly different expression levels
(Fig. 3b). The EOS signature was entered into the Connectivity
Map, which is a database containing the gene expression pro-
files of different cells treated with various drugs. We then

(@)

identified the candidate compounds (P < 0.05) that had the
poter(lgal to reprogram the EOS gene expression signa-
ture.” 7"

Next we examined whether the candidate compounds affected
the docetaxel resistance exhibited by DUI145-EOS cells
(Figs 4a,S3). Acebutolol and Fursultiamine had no effect on
DU145-EOS cells (Fig. S3); however, ribavirin-treated DU145-
EOS cells were significantly less resistant to docetaxel than
non-treated DU145-EOS (Fig. 4a). Next, DU145-EOS tumors
(approximately 200 mm® in volume) were established in nude
mice. The tumor-bearing mice were assigned to five groups:
non-treated; docetaxel alone; ribavirin alone; docetaxel plus
ribavirin; or docetaxel plus ribavirin (Fig. 4b—e). Docetaxel was
injected i.p. on day 1. Ribavirin was given orally on day 1 and
then daily thereafter to day 15. The mice treated with both riba-
virin and docetaxel showed marked tumor regression, as com-
pared with the mice treated with docetaxel alone (Fig. 4b,c).
The tumors excised from the mice treated with ribavirin plus do-
cetaxel showed significantly more tumor cell loss than the
tumors treated with docetaxel alone (Fig. 4d,e). Overall, these
results indicate that ribavirin reprograms the malignant pheno-
type of EOS-selected cells through the enhancement of docet-
axel efficacy.

Ribavirin reprograms the gene expression signature of
DU145-EOS cells. It is important to examine the mechanism
underlying the effects of ribavirin on the growth of DU145-
EOS tumors. The Connectivity Map identified ribavirin as a
compound that could potentially reprogram the EOS gene
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Fig. 3.

Signature-based screening of candidate chemicals using the Connectivity Map. (a) Simplified scheme showing the strategy used to iden-

tify potential chemicals to treat malignant prostate cancer tumors. We evaluated the gene expression signatures of early transposon Oct4 and
Sox2 enhancer (EOS)-selected cancer cells and compared them using the Connectivity Map. Drugs showing an inverse gene signature could be
used to reprogram EOS-selected cells. (b) Heat map depicting the microarray data derived from DU145-PGK, DU145-EQS and ribavirin-treated
MCF7 cells. The data of MCF7 ribavirin were selected through the Connectivity Map as the inverse correlation pattern of the difference between
DU145-PGK and DU145-EQOS cells (upper). The list of candidate revert compounds (lower).
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expression signature. To examine whether this was the case,
we analyzed the gene expression profile of DU145-EOS cells
after ribavirin treatment. A heat map representation of the
microarray data and the principal component analysis of
DU145-PGK, DU145-EOS and DU145-EOS cells after treat-
ment with ribavirin revealed that ribavirin converted the
DU145-EOS gene expression signature into a DU145-PGK
gene expression signature (Fig. 4f,g). A quantitative RT-PCR
analysis confirmed the downregulation of OCT4 by ribavirin
treatment (Fig. S4). In addition to the qPCR analysis, immuno-
cytochemistry analyses of OCT4 before and after ribavirin
treatment showed reduced OCT4 production (Fig. S4). These
results indicate that ribavirin was able to reprogram the EOS
cells so that they expressed a gene signature similar to that of
PGK cells.

Finally, to determine the generality of our findings, we used
the EOS system to identify and enrich other PCA cell lines,
PC3 and LNCaP cells. LNCaP cells, but not PC3 cells, were
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enriched with high OCT4 expression by the EOS system (Figs
S2,55,56,S7). The enriched LNCaP-EOS cells also showed an
aggressive phenotype (Figs S2,S5). Ribavirin treatment reduced
the tumorigenicity of the LNCaP-EOS cells (Figs S8,59).
These results confirmed that ribavirin is a promising candidate
drug for the treatment of docetaxel-resistant PCA.

To understand the effects of ribavirin treatment, we analyzed
the microarray data in more detail. First, we focused on the cell
cycle genes. Since many antitumor drugs target cell re}plication,
slowly growing cells are potentially drug resistant.°**> The
EOS gene signature revealed that the cell cycle pathways con-
trolling cell proliferation were repressed (Fig. 5a). Interestingly,
ribavirin antagonized the gene expression profiles that mediated
slow progression through the cell cycle (Fig. 5b). The fold
changes in the expression of each gene are summarized in
Table S1. These results indicate that ribavirin can revert the
rate of cell cycle progression in EOS cells and reprogram them
to be more susceptible to toxic drugs.
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Furthermore, from the signature genes (Figs 4f,S8f), we com-
piled gene lists and performed a pathway analysis (Tables 1, S2,
S3). The results indicate that the term cytokine/cytokine recep-
tor interaction was listed in both the upregulated and downregu-
lated conditions by the EOS selection and ribavirin treatment
(Table 1). Interestingly, in the list of EOS upregulated but riba-
virin downregulated genes, inflammatory cytokines such as
IFNy and IL1a were found (Table S4) Humoral factors report-
edly enhance PCA malignancy.®® In addition, neuroactive
ligand/receptor interaction was listed as upregulated by EOS
selection and as upregulated and downregulated by ribavirin
treatment (Table 1). In the neuroactive ligand receptor interac-
tion, the EOS upregulated but ribavirin downregulated gene was
leptin (Table S4). Among neuroactive hgand/receptor interac-
tions, leptin is a key molecule for cell metabolism.®” Leptin
reportedly links tumor-initiating cells through g)lunpotency-
associated transcription factors, including OCT4.%

Discussion

Cell fate can be manipulated by the induction of transcription
factors. In particular, iPS cell technology allows terminally

@

Growth factor ~ Growth factor

dlfferentlated somatlc cells to be reprogrammed into pluripo-
tent cells.®”>? In addition to iPS cells, neural cells, cardio-
myocytes and hepatocytes can be derived from mouse
embryonic fibroblasts.“”** These dedifferentiation processes
are referred to as somatic cell reprogramming and direct repro-
gramming, respectively. As a result of reprogramming, cells
show altered global gene expression patterns, phenotypes and
functions. Therefore, we speculated that identifying the global
gene expression pattern of a cell would enable its phenotype
/function to be reprogrammed. We used this concept to screen
a database containing the gene expression patterns of cells
treated with different chemical compounds (the Connectivity
Map) and identified ribavirin as a candidate drug that could
reprogram the malignant phenotype exhibited by PCA tumors.

To obtain malignant PCA tumors, we focused on cells show-
ing high OCT4 expression. OCT4 encodes a transcription fac-
tor that functions in numerous cellular processes, including
maintaining embryonic stem cell pluripotency and directing
differentiation to partlcular cell lineages by balancing prolifer-
ation and differentiation.**** Thus, deregulated OCT4 expres-
sion in PCA cells is likely to perturb normal cellular signaling
and favor a transformed phenotype. Intriguingly, consistent
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expression analysis of the iPS cell inducible 4TF from reported  development and progression.

microarray data, including normal prostate, PCA and meta- The development of chemical genetic screening approaches
static prostate cancer (MET) (Fig. S10).%% These results has enabled the identification of potential small molecule
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Table 1. Pathways involved in the early transposon Oct4 and Sox2
enhancer (EOS) and ribavirin signature

Upregulated pathway from PGK to EOS selection
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION
KEGG_TASTE_TRANSDUCTION

Downregulated pathway from PGK to EOS selection
KEGG_STEROID_HORMONE_BIOSYNTHESIS
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

Upregulated pathway from EOS to ribavirin treatment
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION
KEGG_PRIMARY_BILE_ACID_BIOSYNTHESIS
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION

Downregulated pathway from EOS to ribavirin treatment
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION
KEGG_CHEMOKINE_SIGNALING_PATHWAY

drugs; however, high-throughput screens focus on the expres-
sion of gpeciﬁc genes rather than on global gene expression
patterns.“” Our findings indicate that drugs that promote the
inverse expression of signature genes can be identified from
the Connectivity Map and that these drugs might have thera-
peutic potential. We observed that ribavirin reprogrammed the
gene signature of EOS-selected PCA cells, which showed an
aggressive malignant phenotype, into a signature resembling
that of cells with a much less aggressive phenotype. The
concept underlying this strategy, that is, to alter a cell’s pheno-
type by changing its genetic signature, is based on cell repro-
gramming technology. We propose that this approach, which
we named DER (Fig. 5¢), can be applied to other types of
cancer cells.
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Ribavirin shows antiviral activity against several RNA
viruses and is used clinically, in combination with interferon-
o, to treat ha}gatitis C infection and as a monotherapy to treat
Lassa fever.*°>? Ribavirin is thought to act by inhibiting 5'
mRNA C%II)Ping by competing with guanosine for guanyl trans-
ferase.*®>" Recently, it was reported that ribavirin inhibits
the growth of human cancer cells.">> Significantly, micro-
molar plasma concentrations of ribavirin are achievable in
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revealed the induction of interesting genes, such as IFNy,
ILIo and leptin, which might be involved in tumor suppres-
sion through cell signaling and metabolic changes. Therefore,
combination therapy with docetaxel and ribavirin is immedi-
ately applicable for the treatment of PCA, particularly docet-
axel-resistant MET.
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Acebutolol and fursultiamine have no effect on DU145-EOS cells.

High OCT4 expression increases the malignancy of LNCap cells.

Immunocytochemistry of OCT4-expressing DU145 cells before and after selection.

OCT4 expression in DU145-EOS cells with or without ribavirin treatment.
Increased expression of OCT4 and enhanced tumorigenicity in EOS-selected LNCaP cells.

Immunocytochemistry of OCT4-expressing LNCaP cells before and after selection.

Ribavirin reprograms the signature gene expression of malignant LNCaP-EOS cells.
OCT4 expression in LNCaP-EOS cells with or without ribavirin treatment.

S10. Progression-related analysis of 4TF mRNA expression in human PCA according to reported microarray data.
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